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Abstract 
Collectors for low temperature applications (< 100°C) and power generation (CSP) are already in a mature 
development stage. Although the medium temperature range (100-250 °C) offers a large potential for solar thermal 
applications, there are only few cost-effective and highly efficient collectors available. Partly, this is due to a lack of 
advanced experimental and theoretical tools that allow for an exact 3D heat loss analysis. In this contribution we 
present the work of a 3-year research project culminating in a complete tool-kit for medium temperature collector 
development, which was finally applied to a CPC collector. First measurements of a prototype collector will be 
shown. 
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1. Introduction  
Relatively mature low temperature solar thermal collectors are available for applications demanding 
heat below 100 °C (domestic hot water, space heating, low temperature process heat) and for 
concentrating solar power (CSP, up to 500 °C or even higher for solar towers). Although several studies 
[1, 2, 3] reveal the large potential of medium temperature (100-250 °C) applications (solar cooling, 
medium temperature process heat, district heating), the development of cost-effective and highly efficient 
medium temperature collectors is still a matter of ongoing research and development [4]. 
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Conventional collectors employ a selective absorber (high solar absorptivity, low emissivity in the 
infrared) and appropriate frame insulation to reach sufficient efficiencies. However, when the envisioned 
working temperatures increase, the radiative heat losses, which scale with the fourth power of the 
temperature (Stefan-Boltzmann’s law) become dominant and concentration of the incident solar radiation 
is mandatory to reach CSP-temperatures (concentration ratios up to a factor of 80 are being investigated). 
In addition, the absorber tube is centered within an evacuated glass tube to minimize convective and 
conductive heat losses [5, 6]. 
In order to access the medium temperature range a wide set of ideas is being investigated [7] 
comprising flat/non-flat, tracking/non-tracking, different concentration schemes (e.g. external mirrors, 
Fresnel, parabolic geometry, compound parabolic concentrator (CPC)), and evacuated/non-evacuated 
concepts. 
The key in designing an economically and technically sound collector lies in the detailed 
understanding of all relevant heat loss mechanisms [8]. This requires a whole set of experimental and 
theoretical tools that are usually not available to manufacturers and even institutes resulting in an 
inefficient trial and error like design procedure. 
In order to resolve this shortcoming we developed within a 3-year national research project a complete 
set of theoretical and experimental methods and applied it to the analysis and design of a CPC medium 
temperature collector, whose loss mechanism are shown in Figure 1. 
The first part of the paper deals with the hydraulic part of the collector. Then the non-radiative heat 
loss mechanisms (conduction, convection) and the radiative heat loss mechanisms are treated separately. 
However, the complex interplay of radiation, convection and conduction demands a combined treatment 
in order to allow for a correct analysis of the heat fluxes. This is demonstrated in a newly developed 3D 
“virtual collector” model, which was employed to design new CPC collectors. Measurements of a first 
improved version of a CPC collector are presented in the end.  
Fig. 1. Heat loss mechanisms in a CPC [8] 
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2. Heat loss analysis 
2.1. Hydraulics 
The hydraulic system within the collector is responsible for extracting the absorbed solar energy and 
thus making it available for further use. In order to achieve best performance, the heat transfer from the 
absorber into the fluid has to be optimized for all operating temperatures and various flow rates. At the 
same time, in view of assembling collector fields consisting of several modules in series and in parallel, it 
is important to keep pressure losses reasonably low. 
The standard Solarfocus CPC collector consists of a harp design with 2x5 parallel risers (inner 
diameter 6.8 mm). Arranged in a “U-configuration”, the fluid enters the upper manifold (inner diameter 
13.6 mm), passes the risers downwards, is collected by the lower manifold and then exits the collector 
through the risers and the second half of the upper manifold. 
Ideally, the flow distribution within the risers is equal in order to extract heat from the whole absorber 
homogeneously. We employed a non-invasive ultrasonic flow measurement technique to analyze the fluid 
flow in various operating conditions. The FLUXUS F601 by FLEXIM (Fig. 2) was adapted for very small 
pipe diameters and measurements were performed for various flow rates. The results are depicted in right 
plot of Figure 2. When combining these results with full 3D CFD calculations published elsewhere [9], 
one can conclude that the flow is more evenly distributed for slower mass flow conditions. However, by 
increasing the mass flow, also the level of turbulence increases leading to somewhat unspecified behavior 










Fig. 2. Left: adapted FLUXUS F601 (FLEXIM) ultrasonic flow measurement apparatus. Right: flow distribution in the riser pipes 
for various collector flow rates and corresponding Reynolds number 
Increasing turbulence also leads to better heat transfer. However, the drawback is also a higher 
pressure loss. The degree of turbulence depends, among other things, on the very geometry of the system. 
In order to investigate the effect of different pipe diameters, we developed a 1d model that allows for a 
calculation of the pressure loss. Figure 3 depicts the results of a series of riser and manifold diameter 
combinations for various mass flows. In all curves, a kink is clearly visible, which marks the transition 
from laminar to turbulent flow. It should be noted here, that the very details of the fluid flow depend on a 
lot of small geometric and material details. For example, this collector features a “double-knee-inlet” 
which more or less works as a turbulence promoter under some specific flow conditions. 
The effect different flow conditions on the collector performance can be investigated by measuring the 
η0 value for different mass flows. Figure 4 shows the results of various experiments for a real collector 
and the calculated pressure drop. A clear trend is visible confirming the theoretical knowledge that the 
more turbulent the flow is, the better is the heat transfer and thus the efficiency. However, the exact form 
of the curve in the transient regime is quite intricate and may only be resolved in full 3D calculations. 
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2.2. Convection, conduction and radiation 
Of course, in order to optimize the collector efficiency, it is mandatory to be able to analyze all 
relevant heat losses. In the following, we present a portfolio of methods that allows for the detection and 
analysis of all relevant mechanisms. 
2.2.1. Thermography 
Thermography is a reasonable technique to inspect the collector in full operating conditions. We 
performed measurements of the standard Solarfocus CPC during efficiency measurements according to 
EN12975 on the outdoor tracker. Figure 6 shows the total collector operated with 65°C inlet temperature. 
Although due to the optically non-trivial materials involved (reflecting mirrors, transparent glass, 
polished metals) it is quite difficult to extract absolute temperatures, the technique clearly reveals a 
general picture of the temperature distribution. 
In addition, thermography is very suitable for detecting thermal bridges. This is exemplified in Figure 
5, where we detected a “hot spot” close to the inlet, which arises because the manifold pipe is too close to 
the glass cover.  
  
Fig. 4. Calculated pressure drop and measured η0 for various volume flows 
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Fig. 5. Left: Thermographic picture of the lower right edge of a CPC collector. Right: corresponding photograph 
 
 
Fig. 6. Left: Thermographic picture of a CPC collector. Right: corresponding photograph 
2.2.2. Thermophysical material characterization 
The materials used in collectors are usually non-trivial and non-textbook materials. Special alloys of 
copper or aluminum are employed in absorbers and pipes. The frame consists of a wide variety of metals 
or wood. Also the glass is not a “standard glass”, but different grades of specially hardened and iron-poor 
“solar glass” is assembled. More recently, also polymeric materials are employed in solar thermal 
collectors [10], which have completely different thermophysical material parameters. 
Knowledge of the thermal conductivity is mandatory for efficient absorbers and sufficient insulation, a 
design taking into account the different thermal expansion coefficients determines whether a collector 
passes or fails the reliability tests according to EN12975 (especially stagnation and internal shock). 
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Thus, we adapted a set of measurement techniques (Laser Flash, Dilatometry, Calorimetry, 
Thermogravimetry; for more details see http://www.ait.ac.at/research-services/research-services-
energy/solar-thermal-technology/thermophysical-analysis/?L=1 ) to solar relevant materials. An example 
is shown in Figure 7, where we measured the coefficient of thermal expansion for a polymeric absorber.  
 
The non-trivial behavior is obvious and has to be taken into account when designing the collector in 
order to avoid mechanical problems in stagnation. 
Another example relevant for all solar thermal collectors is the thermal stability of insulation materials 
(in stagnation 230°C absorber temperature are possible in flat plate collectors) and possible outgassing. 
The latter often leads to ugly streaks on the glass cover, which also reduces the transmissivity and thus 
efficiency of the collector. Sometimes the condensate is washed away from the cover again when water 
condensates within the collector. In that case, the selective surface of the absorber is very likely to be 
destroyed. 
Thermogravimetry can be used to inspect whether an insulation material is suitable for the use in solar 
thermal collectors. Figure 8 shows a plot of a polyurethane foam that loses some percent of its initial 
weight up to 200°C (this might be due to outgassing and/or chemical degradation). At temperatures 
around 220°C, the foam fully disintegrates and is thus only suitable for collectors with lower stagnation 
temperature. 
Fig. 7. Thermophysical material parameters of a polymeric absorber 
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2.2.3. Particle imaging velocimetry 
Convection accounts for a substantial part of the heat losses of solar thermal collectors. Using a hot-
wire technique such as constant temperature anemometry (CTA) for the analysis of the flow field is 
problematic, because the anemometer has to be inserted into the flow. In contrast particle image 
velocimetry (PIV) is a non-invasive technique and allows to assess the convection currents without 
disturbing the flow field. Measurements carried out on a lab-scale collector with one single thermally 
insulated mirror reveal the direction and the magnitude of the convective flow patterns between the mirror 
and the glass cover. (Fig. 9 shows as an example the buoyancy driven velocity field nearby the hot 
absorber tube.) Within the project the quantitative information derived by PIV is compared to the CFD 
results (see below) to validate the simulations. The experimental setup, the results of the measurements at 
varying absorber tube temperatures and tilt angles of the collector as well as the comparison to CFD will 
be published separately. 
  
Fig. 8. Thermogravimetry of a polyurethane foam 













FTIR-Spectroscopy is a suitable technique to inspect the optical properties of solar collector materials. 
We configured a special BRUKER VERTEX 70 FTIR Spectrometer to work in a spectral range from 300 
nm to 25μm and measured transmissivity, absorptivity, reflectivity and emissivity of various collector 
components. 
In order to reduce convective losses, the use of convection blocking foils is in principle a suitable 
option. However, such additional components also represent another light barrier that reduces the overall 
optical collector efficiency. This is especially relevant when one considers non-normal incidence of the 
incoming sunlight, as can be seen from the angle-dependent transmissivity of a highly transparent 
polymeric foil (Figure 10, left plot). It should be emphasized here, that due to the internal ordering of the 
polymeric material, this effect cannot be simply attributed to a cosine-like law for non-normal incidence. 
Also, the interference fringes are a real physical effect related to the thickness (25 μm) of the foil. 
By introducing another optical layer within the solar collector, also the thermal (infrared) emission 
(radiative losses) is altered. Thus, we measured the infrared transmissivity properties of various foils, an 
example being depicted in the right plot of Figure 10. 
Fig. 10. Left: Angle-dependent transmissivity of a highly transparent convection blocking foil (+/- indicates the deviation from 
normal incidence in both directions). Right: Normal IR-transmissivity of the same foil 
Fig. 9. PIV measurements of the buoyancy driven velocity field nearby the hot absorber tube (red) 
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3. Full 3D collector simulations 
Due to the complex interplay of radiation, convection and conduction, a correct analysis of a collector 
can only be done in 3D combining all heat transfer mechanisms at once. It is important to note that in 
order to be able to simulate efficiency curves all possible “heat pathways” as depicted in Figure 1 have to 
be represented in the model. 
This was achieved by coupling a 3D computational fluid dynamics (CFD) Navier Stokes Solver 
(ANYSYS FLUENT 13) to an inhouse raytracing code. While the raytracer calculates the energy which is 
deposited on the mirror and tube surface, the Navier Stokes solver accounts for accurately simulation the 
temperature and flow field parameters induced by the occurring convective and diffusive processes in the 
collector. To account for radiative interaction between surfaces, a STS model has been added to the 
differential equation set. Simulations have been performed on a 10 cm slice of the full collector, the tube, 
however, has been extended both in upstream and downstream direction to account for a proper 
developed liquid fluid flow field at the inlet and stable conditions at the outlet (Figure 11). The k-  
turbulence model has been used in its SST formulation during the steady state solution process. 
The right part of Fig. 11 shows efficiency calculations for two special cases of a non-truncated CPC-

















Fig. 11. Left: 3D CPC collector model with flow lines and temperature color coded (red hotter, blue colder). Right: calculated 
efficiency curves (normalized on aperture area for a solar irradiation of 1000 W/m²) 
4. Prototype and efficiency measurements 
Based on the methods developed and presented above, we built a first prototype collector in 2011 (left 
picture of Fig. 12). This collector still features the original mirror and absorber design, but already made 
use of inert gas filling and additional insulation. 
At AIT we built a completely new medium temperature test rig (right picture of Fig. 12) that enables 
collector measurements up to 230°C using pressurized water (or water/glycol mixtures) as heat transfer 
fluid. Mass flows from 20 l/h up to 2000 l/h and a cooling capacity of 15 kW allow for the measurement 
of (large-scale) medium temperature collectors according to stationary as well as quasi-dynamic testing 
method (cf. EN12975). 


















Fig. 12. Left: First improved prototype CPC termed “CPC S1 092011”. Right: Medium Temperature Test Rig 
 
Figure 13 shows the efficiency curve of the currently market available CPC collector (termed 
“Reference Collector”, blue) and the measurements of the improved prototype (termed CPCS1 092011, 
red; the insert depicts the measured values including uncertainties). The optical performance is not 
changed since the mirror, absorber and glass design was the same, however, the thermal losses for high 
temperatures are greatly reduced. 
The green target curve can be achieved by improving the optical efficiency employing a new mirror 
and absorber design that was already developed and will be published elsewhere. 
Fig. 13. Efficiencies of the Reference Collector (blue), the first improved prototype (red), and a target curve 
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